Abstract-Activity of the immediate early genes c-fos and zif 268 was compared across hemispheres in rats with unilateral, excitotoxic lesions of the hippocampus (dentate gyrus and CA fields 1-4). Counts of the protein products of these genes were made shortly after rats performed a test of spatial working memory in the radial-arm maze, a task that is sensitive to bilateral lesions of the hippocampus. Unilateral hippocampal lesions produced evidence of widespread hypoactivity. Significant reductions in immediate early gene counts were observed within all three anterior thalamic nuclei, as well as the entorhinal, perirhinal, and postrhinal cortices, and much of the subicular complex. In contrast, no observable changes were detected in the anterior cingulate, infralimbic or prelimbic cortices, as well as several amygdala nuclei, even though many of these regions receive projections from the subiculum. Instead, the immediate early gene changes were closely linked to sites that are thought to be required for successful task performance, with both immediate early genes giving similar patterns of results. The findings support the notion that the anterior thalamic nuclei, hippocampus, and parahippocampal cortices form the key components of an interdependent neuronal network involved in spatial mnemonic processing. © 2005 Published by Elsevier Ltd on behalf of IBRO.
Both anatomical and neuropsychological findings point to the functional importance of the hippocampal connections with the medial diencephalon (Delay and Brion, 1969; Gaffan, 1992a; Aggleton and Brown, 1999) . Efferents from the subiculum convey hippocampal information to the medial diencephalon, principally via the fornix (Meibach and Siegel, 1977; Aggleton et al., 1986; Amaral and Witter, 1995) . These efferents terminate in the mammillary bodies, anterior thalamic nuclei and rostral midline thalamic nuclei, and these same thalamic nuclei may reciprocally influence the hippocampal formation. There is growing evidence that hippocampal-diencephalic interactions are critical for episodic memory in humans and spatial memory in animals (Barbizet, 1963; Gaffan, 1992b; Aggleton and Saunders, 1997; Parker and Gaffan, 1997; Warburton et al., 2000 Warburton et al., , 2001 . Much of this evidence has come from measuring the cognitive and behavioral consequences of damage to particular components of this circuit. The present study forms part of a series of experiments that has mapped the more global consequences of disruption to this circuit by measuring immediate early gene (IEG) expression in rats. Previous studies have reported the effects of lesions in the fornix (Vann et al., 2000c) and anterior thalamic nuclei (Jenkins et al., 2002a (Jenkins et al., ,b, 2004 , while the current study describes the consequences of hippocampal lesions on IEG expression in other brain areas. By this means it is possible to appreciate the wider impact of these lesions, not only on other parts of the hippocampal-diencephalic circuit but also in other regions implicated in learning and memory.
Immunohistochemical methods were used to measure the activity of two IEGs, c-fos and zif 268. The IEG, c-fos, is widely spread throughout the brain and has been used as a marker of neuronal activation (Dragunow and Faull, 1989) . There is, in addition, evidence that the c-fos gene may have a more specific contribution to learning processes (Herdegen and Leah, 1998; Tischmeyer and Grimm, 1999) . Performing the radial-arm maze task leads to increased Fos, the protein product of c-fos, in a network of interlinked sites including the anterior thalamic nuclei, hippocampus, subicular complex and retrosplenial cortices (Vann et al., 2000a,b; He et al., 2002) . It has also been found that blocking c-fos expression in the dorsal hippocampus impairs spatial memory formation in the radial-arm maze (He et al., 2002) , so providing more direct evidence for the importance of this IEG. zif 268 complements c-fos in that it is also widely expressed in the brain and, like c-fos, has repeatedly been linked to learning and memory (Okuno and Miyashita, 1996; Guzowski et al., 2001; Hall et al., 2001; Jones et al., 2001; Bozon et al., 2002; Davis et al., 2003) . While the time course of zif 268 expression overlaps with c-fos (Zangenehpour and Chaudhuri, 2002) , these two IEGs are differentially expressed and so do not provide redundant information (Wisden et al., 1990) .
In the present study, rats with unilateral hippocampal lesions were trained on a spatial working memory task in the radial-arm maze and Fos levels compared across hemispheres. The advantage of studying unilateral hippocampal lesions is that the rats can still perform the task to high levels of accuracy (Warburton et al., 2001 ) and within-subject comparisons provide the closest behavioral control. These considerations are relevant as rats with bilateral hippocampal lesions are severely impaired on the radial-arm maze task (Jarrard, 1978; Olton et al., 1978) , and so it would not be possible to match their abnormal arm choices with those of a control group also performing the radial arm maze task. It is, however, the case that the intact hemisphere cannot be regarded as normal as it will have lost commissural inputs from the contralateral hippocampus. An additional, smaller group of rats received the same surgical procedure but IEG levels were measured in rats taken straight from the home-cage. Comparisons between the home-cage and radial-arm maze groups made it possible to determine whether the experimental condition had raised IEG levels, as expected (Vann et al., 2000a,b) . A raise in IEG levels would help to rule out floor effects as a possible cause of any apparent failures of the hippocampal lesions to alter IEG levels.
EXPERIMENTAL PROCEDURES Subjects
The main experiment involved 11 male hooded Lister rats (Harlan, Oxon, UK) weighing from 281 g to 342 g. A further four hooded Lister rats (281-334 g) were used to examine baseline levels of Fos and zif 268 ('home-cage controls'). Approximately 14 days after surgery animals were food deprived to 85% of their freefeeding body weight and maintained at this level throughout the experiment. Water was available ad libitum. Animals were housed under diurnal conditions (14-h light/10-h dark) and all testing occurred at a regular time during the light period. Animals were thoroughly habituated to handling before the study began. All experiments were carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986 and associated guidelines. All efforts were made to minimize the number of animals used and their suffering.
Apparatus
Testing was carried out in an eight-arm radial maze, which consisted of an octagonal central platform (34 cm diameter) and eight equally spaced radial arms (87 cm long, 10 cm wide). The base of the central platform and the arms were made of wood, while panels of clear Perspex (24 cm high) formed the walls of the arms. At the end of each arm was a food well (2 cm in diameter and 0.5 cm deep). At the start of each arm was a clear Perspex guillotine door (12 cm high) that controlled access in and out of the center area. Each door was attached to a pulley system enabling the experimenter to control access to the arms. All animals were tested in the same rectangular room (295 cmϫ295 cmϫ260 cm) that contained salient visual cues, such as high contrast stimuli and geometric shapes on the walls.
Surgery
Rats were anesthetized by i.p. injection of pentobarbitone sodium (Sagatal) at a dose of 60 mg/kg. Animals were then placed in a stereotaxic frame (David Kopf Instruments, Tujunga, USA) and the scalp cut and retracted to expose the skull. A craniotomy was made above the saggital sinus and the dura cut to expose the cortex above the target region.
Unilateral hippocampal lesions were produced by injections of 0.63 M ibotenic acid (Biosearch Technologies, Tujunga, USA), dissolved in phosphate buffered saline (pH 7.4), made via a 1 ml syringe (Hamilton, Bonaduz, Switzerland) and placed into 14 sites within the same hemisphere as described previously (Coutureau et al., 1999; Ward-Robinson et al., 2001) . The left and right hemispheres were used as surgical targets in different animals. The stereotaxic coordinates relative to bregma with the incisor bar set at flat skull to the horizontal plane were [AP, LAT, HT (from top of cortex), volume (ml)]: Ϫ5.4, Ϯ5.0, Ϫ6.1, 0.08; Ϫ5.4, Ϯ5.0, Ϫ5.3, 0.08; Ϫ5.4, Ϯ5.0, Ϫ4.5, 0.09; Ϫ5.4, Ϯ4.2, Ϫ3.9, 0.1; Ϫ4.7, Ϯ4.5, Ϫ6.5, 0.05; Ϫ4.7, Ϯ4.0, Ϫ7.2, 0.1; Ϫ4.7, Ϯ4.0, Ϫ3.5, 0.05; Ϫ3.9, Ϯ3.5, Ϫ2.7, 0.1; Ϫ3.9, Ϯ2.2, Ϫ3.0, 0.1; Ϫ3.9, Ϯ2.2,Ϫ1.8, 0.1; Ϫ3.1, Ϯ3.0, Ϫ2.7, 0.1; Ϫ3.1, Ϯ1.4, Ϫ3.0, 0.1; Ϫ3.1, Ϯ1.4, Ϫ2.1, 0.1; Ϫ2.4, Ϯ1.0, Ϫ3.0, 0.05.
Each injection was made gradually over a 4 min period, following which the needle was left in situ for a further 4 min before being withdrawn. At the completion of all surgeries the skin was sutured and an antibiotic powder (Acramide, Dales Pharmaceuticals, Skipton, UK) was applied. All rats also received a 5 ml s.c. injection of glucose saline.
Behavioral training
Animals in the experimental condition were trained to run in the maze using a standard working memory procedure (Olton et al., 1978) . Thus, at the start of a 'run' all eight arms were baited with a single food pellet (45 mg; Noyes Purified Rodent Diet, Lancaster, NH, USA). When the rat returned to the central platform all doors were closed for about 5 s before they were again opened, permitting the animal to make a choice. This continued until all eight arms had been visited. Retrieving all eight pellets constituted a single 'run,' composed of a minimum of eight arm choices. Training consisted of eight sessions. The only noteworthy aspect of the training was that each session consisted of multiple runs in the radial-arm maze, one after the other, so that each session lasted for 30 min. Therefore, after entering all eight arms the animals were removed from the maze while it was rebaited and then returned to the maze to perform a new trial. This was repeated for 30 min. The delay between each trial (2min) was the time it took to rebait all of the arms, and during this period the animals were placed back in their home cage.
Final session: The final (eighth) session was the same as those in training, i.e. 30 min of radial-arm maze testing (approximately five radial-arm maze runs). Immediately before every session, including the final session, each animal was placed in a sound-proof box in a dark, quiet room for 30 min. At the completion of every session, including the final session, each animal was returned to this box for 90 min prior to perfusion. This quiet period was to minimize c-fos and zif 268 activation in the periods before and after the radial-arm maze task. In contrast, the home-cage control animals were taken straight from their cage and then perfused.
Immunohistochemistry
Ninety minutes after completing the final radial-arm maze session rats were deeply anesthetized with pentobarbitone sodium (1 mg/ kg) and perfused transcardially with 0.1 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M PBS. The brains were removed and postfixed in 4% paraformaldehyde for 4 h and then transferred to 30% sucrose overnight. Coronal sections were cut at 40 m on a freezing microtome. Two series of sections were collected in 0.1 M PBS containing 0.2% Triton X-100 (PBST). A peroxidase block was then carried out where the sections were transferred to 0.3% hydrogen peroxide in PBST for 10 min to inhibit endogenous peroxidase and then washed several times with PBST. Sections were incubated in PBST containing Fos rabbit polyclonal antibody (1:5000; Ab-5, Oncogene Science, UK) or zif 268 (antibody 1:3000; Egr-1 (C-19), Santa Cruz Biotechnology, USA) for 48 h at 4°C with periodic rotation. Sections were then washed with PBST and incubated in biotinylated goat anti-rabbit secondary antibody (diluted 1:200 in PBST; Vectastain, Vector Laboratories, Burlingame, USA) and 1.5% normal goat serum for 2 h at room temperature on a rotator. Sections were then washed and processed with avidin-biotinylated horseradish peroxidase complex in PBST (Elite Kit; Vector Laboratories) for 1 h at room temperature, again with constant rotation. Sections were washed again in PBST and then in 0.05 M Tris buffer. The reaction was then visualized using diaminobenzidine (DAB Substrate Kit, Vector Laboratories). The reaction was stopped by washing in cold PBS. Sections were mounted on gelatin-coated slides, dehydrated through a graded series of alcohols and coverslipped. An additional one-in-four series of sections was mounted directly onto slides and stained using Cresyl Violet, a Nissl stain.
IEG cell counting
Sections were scanned using a Leitz Dialux 20 microscope equipped with a Dage MTI CCD72S camera interfaced to a PC computer. After image processing, counts of the stained nuclei were carried out using the public domain Scion Image 4.0 program. Cortical areas were assessed using counts of nuclei labeled above threshold, and were taken across all layers of cortical regions. The threshold was set at the same level for both hemispheres of each section sampled. This threshold level was always set using a standard formula derived from the overall level of illumination of the region to be counted and the variance of that illumination, that is the meanϩ3ϫstandard deviation of the gray values of that section. This meant that different observers could arrive at identical counts for the same tissue, so ensuring an objective measure. Counts were made in a standard frame sample area (0.84ϫ0.63 mm) using a ϫ10 objective and the camera was positioned so that the counts were taken across all cortical layers. A stereological procedure was not used as the primary goal was to compare cell counts within animals, but not to produce absolute counts. The only exception concerned the comparisons between home-cage and experimental animals that were used to established the effectiveness of the behavioral procedure in activating the system under investigation.
For all brain areas analyzed ( Fig. 1 ), counts were taken from between two and four consecutive sections from each hemisphere (lesioned and intact side). The means of these counts were then averaged. For statistical purposes the mean count for each site in two hemispheres for each individual rat was also normalized by dividing the scores from one hemisphere by the sum from both hemispheres and the result expressed as a percentage. Thus, all pairs of normalized scores sum to 100. The normalization procedure equates the cell counts from different regions, which would otherwise vary considerably. These normalized data were then used for those statistical analyses comparing the intact with the lesion hemispheres. The separate groups of regions were analyzed in overall analyses of variance with two factors: hemisphere and brain region. When appropriate, the simple effects for each brain region were analyzed as recommended by Winer (1971) .
Regions of interest
Cytoarchitectonic subfields were identified from coronal sections (Paxinos and Watson, 1997) , using the nomenclature of Swanson (1992) . Regions analyzed are depicted in Fig. 1 , and their abbreviations are given in Table 1 . Sites were selected either because they had previously been implicated in memory processes or because they served as comparison or control regions. All of the sites from which it was decided a priori to count IEG-positive cells are presented.
IEG-reactive cells were counted in the parahippocampal region (Witter et al., 1989; Burwell et al., 1995) . The perirhinal counts involved both areas 35 and 36 (Burwell et al., 1995) , while the postrhinal cortex only involved cortex posterior to the perirhinal cortex and dorsal to the rhinal sulcus (Burwell and Amaral, 1998) corresponding to the ectorhinal area in Swanson (1992) . The lateral and medial entorhinal cortices were considered separately in light of their different connection patterns (Witter et al., 1989; Naber et al., 1997) . Separate counts were also taken from the ventral subiculum, and the pre-, post-, and parasubicular regions (Fig. 1) . The numbers indicate the distance (in millimeters) of the section from bregma (Swanson, 1992) . See Table 1 for list of abbreviations.
Cortical counts were taken from the prelimbic and infralimbic areas, as well as the rostral and caudal levels of the anterior cingulate cortex, as these regions receive inputs from the subiculum . The retrosplenial cortex was not included in this study as previous experiments (Jenkins et al., 2004) have shown that specific laminae within particular subregions of the retrosplenial cortex may be especially sensitive to limbic damage, and so a more detailed analysis of this region will be reported elsewhere. Cell counts were also taken from the three anterior thalamic nuclei [the anterodorsal (AD), anteroventral (AV), and anteromedial (AM) nuclei], as well as the mediodorsal thalamic nucleus (MD). The mammillary bodies were not included as this structure expresses both IEGs at extremely low levels. Three different nuclei within the amygdala were also investigated; the lateral (La), central (Ce) and basolateral (BL) nuclei. All three receive direct inputs from the hippocampus (Pitkanen, 2000) .
Cell counts were also taken from a number of cortical sensory regions. These regions, which comprised the visual cortex (primary visual area, VISp), the auditory cortex (primary auditory area, AUDp), and the insular cortex (AIp), were chosen in order to see how widespread the consequences of hippocampal cell loss might be.
RESULTS

Hippocampal lesions
The NMDA injections created extensive regions of cell loss (Fig. 2) within the hippocampus that did not cross over into the opposite hemisphere. Of the 15 rats with hippocampal lesions, three were discarded from the analyses as two had additional thalamic damage while another had an unexpected degree of hippocampal sparing. This left eight rats in the main experimental group, and four in the cage control group. There was no discernable difference in the lesion extent and locus in these two groups, and the cases from the experimental group with the largest and smallest lesions are depicted in Fig. 2 . Three features of the lesions are especially relevant. The first is that the use of an excitotoxin resulted in sparing of the fimbria and fornix (Fig. 3) . The second is that the lesions removed almost all of the cell bodies in the dentate gyrus, and CA fields 1-4, the only sparing being found in the most ventral parts of the hippocampus and the very caudal dentate gyrus (Figs. 2, 3) . In all animals the dorsal subiculum was involved in the lesion, but the ventral subiculum, parasubiculum, and presubiculum were always spared. This pattern of hippocampal damage was repeated in the four home-cage baseline cases. Of the eight animals in the experimental group there was very minor cell loss in the most rostrodorsal part of the postsubiculum in three cases. The third feature is that there was both cortical thinning and cortical loss in the tissue through which the injections were made. The cortical damage was typically restricted to a small part of the parietal cortex lying dorsal to CA1 (five cases; see Fig. 3 ) but in two cases the cell damage included the very rostral part of the secondary visual cortex. In one case (largest lesion in Fig. 2 ), the extent of cortical damage was appreciably greater in both of these areas and extended into somatosensory cortex.
Behavioral results
On the final test day, the animals performed the standard version of the eight-arm radial maze. Testing took place over a 30 min session, and animals completed an average of five runs (each run comprised the retrieval of all eight pellets) in this session. The mean number of errors per run across all runs within this session (Ϯstandard error of means in parentheses) was 1.55 (0.36). The mean number of correct responses in the first eight choices, across all trials in the final session, was 7.1 (0.17).
IEG counts
The initial analyses compared the raw scores for Fos and zif 268 between the control hemispheres of the experimental and home-cage control animals. This series of t-tests helped to determine whether the radial-arm maze task led to an increase in IEG activity from baseline levels. A parallel set of comparisons was used for the lesioned hemispheres. As the main purpose was to determine if floor effects could have obscured a lesion effect the emphasis was on avoiding type 2 errors, and so multiple t-tests were appropriate. The main part of the study concerned the comparisons between the intact and lesioned hemispheres in the animals from the radial-arm maze group. The counts for each site have been grouped by region prior to analysis, so reducing type 1 errors. Comparable comparisons are not presented for the home cage group as the smaller group size (nϭ4) makes it prone to type 2 errors. 
Experimental versus home-cage conditions
It was expected that IEG levels would be higher in many sites in the experimental group (Vann et al., 2000a, b) . A series of t-tests (one-tailed) using the raw counts from the control hemispheres of both groups (Tables 2 and 3) confirmed that 13 sites showed a significant increase for Fos and 12 sites for zif268 in the radial-arm maze group (Table 4) . None showed a significant decrease. The only sites not showing a significant increase for either Fos or zif 268 were from the thalamus (AV, AM, MD) and the amygdala (BL, La). The results for the lesioned hemispheres were less consistent, although a total of 12 and seven sites, respectively, showed increased Fos or zif 268 counts. All four thalamic nuclei failed to show a change in either Fos or zif 268 counts between the home cage controls and the experimental group for the lesioned hemisphere, along with the ventral subiculum, infralimbic cortex, rostral anterior cingulate cortex, and the central nucleus of the amygdala.
Lesion versus 'normal' hemisphere
Cingulate and parahippocampal cortices. Fos. Counts were taken in the prelimbic cortex, infralimbic cortex and anterior cingulate area, lateral and medial entorhinal cortex, perirhinal and postrhinal cortex. Overall, a significant hemispheric effect was observed (F (1,14) ϭ45.8; PϽ0.0001). Inspection of simple effects revealed significant reductions in Fos levels on the lesioned side in the lateral entorhinal (F (1, 96) (Fig. 4B) .
Cortical sensory regions. Fos. The cortical sensory regions examined were the primary visual, auditory and insular cortices. Across the three cortical areas a significant hemispheric effect was observed (F (1, 14) ϭ24.4; PϽ0.001). Simple effects analysis showed a significant decrease in Fos levels on the lesioned side in the auditory (F (1,42) ϭ26.2; PϽ0.001) and visual cortex (F (1,42) ϭ6.4; PϽ0.05). No significant difference was observed in the AIp (Fig. 5A) .
zif 268. Across the three regions examined VISp, AUDp, and AIp there was no significant hemisphere effect (FϽ1). A hemisphereϫarea interaction, however, was observed (F (2,28) ϭ3.6, PϽ0.05). Simple effects analysis showed a significant increase in zif 268 levels on the lesioned side in the AIp (F (1,42) ϭ4.7; PϽ0.05) (Fig. 5B) .
Thalamic nuclei. Fos. The thalamic regions examined were AD, AV, AM and MD. Overall, a significant hemispheric effect (F (1,14) ϭ90.9, PϽ0.001), and hemisphere by area interaction (F (3,42) ϭ9.74, PϽ0.001) was observed. Post hoc analysis revealed significant decreases in Fos levels in the lesioned hemisphere of AD (F (1,56) ϭ83.4; PϽ0.001), AV (F (1,56) ϭ23.7; PϽ0.001), and AM (F (1,56) ϭ20.0; PϽ0.001). MD levels were not significantly different between lesioned and control sides (F (1,56) ϭ3.0; PϾ0.05) (Fig. 6A) .
zif 268. Examination of the four thalamic regions AD, AV, AM and MD revealed a significant hemispheric effect (F (1,14) ϭ23.62, PϽ0.001), with a significant hemisphere by area interaction (F (3,42) ϭ9.1, Pϭ0.0001). Analysis of simple effects revealed a reduction in zif 268 levels on the lesioned side compared with the intact side in AD (F (1, 28) ϭ37.7, PϽ0.001), AV (F (1, 28) ϭ26.9, PϽ0.001), and AM (F (1, 28) ϭ7.4, PϽ0.05). MD levels did not differ significantly between the two hemispheres (F (1, 28) ϭ4.1; PϾ0.05) (Fig. 6B) .
Amygdala nuclei. Fos. There was no significant hemispheric effect for the three nuclei (F (1,14) ϭ1.2, Pϭ0.29 or hemisphere by area interaction (FϽ1) (Fig. 7A) .
zif 268. Examination of the three amygdala nuclei revealed no significant hemispheric effect (F (1,14) ϭ1. 8, Pϭ0.21) . A hemisphere by area interaction, however, was observed (F (2,28) ϭ5.0, PϽ0.05). Simple effects analysis showed a significant increase in zif 268 levels on the lesioned side in the central nucleus (F (1,36) ϭ9.8; PϽ0.01) (Fig. 7B) . Subicular cortices. Fos. Counts from the various subicular cortices revealed a significant hemispheric effect (F (1,14) ϭ15.0, PϽ0.01), but no significant area by hemisphere interaction (F (3,42) ϭ1.3, Pϭ0.28). Significant reductions in Fos levels were observed on the lesioned side in the postsubiculum (F (1,47) ϭ7.9, PϽ0.01) and presubiculum (F (1,47) ϭ15.0, PϽ0.001) (Fig. 8A) .
zif 268. There was a significant hemispheric effect (F (1,14) ϭ11.5, PϽ0.01), but no significant area by hemisphere interaction (FϽ1). Significant reduction in IEG levels was observed on the lesioned side compared with the intact side in the ventral subiculum (F (1,35) ϭ9.1,PϽ0.01), presubiculum (F (1, 35) ϭ6.4, PϽ0.05) and parasubiculum (F (1,35) ϭ8.7, PϽ0.01) (Fig. 8B) .
DISCUSSION
This study used IEG expression as a marker of neuronal activation to compare activity levels across hemispheres in 22 brain sites in rats with unilateral hippocampal lesions performing a spatial memory task. The task, working memory in the radial-arm maze, was selected as bilateral lesions of the hippocampal formation produce a striking deficit that is typically characterized as failure of spatial memory (Jarrard, 1978; Olton et al., 1978) . The goal was to map the extent to which these lesion-induced disruptions spread beyond the hippocampus and to see if they are selective to other brain areas also thought to be critical for the performance of the same task. By using unilateral lesions the present study avoided the problem of abnormal arm choices associated with bilateral lesions, and all animals in the main experimental group performed the task at a relatively high level of accuracy. It is, however, the case that the intact hemisphere cannot be regarded as normal as it will have lost commissural inputs from the contralateral hippocampus. In addition, a smaller group of animals with unilateral hippocampal lesions was examined to help identify those sites in which the IEG differences might be task dependent for spatial memory. Comparisons with this baseline group using raw counts confirmed that the experimental condition had raised IEG expression in many sites. A significant IEG increase was not, however, a prerequisite to finding a lesion-induced change (e.g. the anterior thalamic nuclei), but inspection of the data also revealed the high levels of variance in the raw counts. This problem was solved in the main part of the study by comparing across hemispheres in the same animal.
The most striking result in the experimental group was that all of the significant changes in IEG activity reflected a relative decrease on the lesion side. As the results for the two IEGs were usually in close agreement we shall initially consider the eight sites where significant IEG decreases were found after the radial-arm maze task for both Fos and zif 268. These sites consist of the lateral entorhinal cortex, medial entorhinal cortex, perirhinal cortex, postrhinal cortex, the presubiculum, and the three anterior thalamic nuclei. All eight structures fall into one of two anatomical areas, the parahippocampal region and the anterior thalamic nuclei.
The parahippocampal region, which comprises the presubiculum, parasubiculum, lateral entorhinal cortex, medial entorhinal cortex, perirhinal cortex, and postrhinal cortex (Witter and Wouterlood, 2002 ) is part of the higher order polymodal association cortex and is regarded as a vital stage for most of the sensory information reaching the hippocampus (dentate gyrus, CA1-4). All of the structures within the parahippocampal region, with the exception of the parasubiculum and postsubiculum, showed a significant decrease in both IEGs. The consistent changes in the entorhinal cortices were to be expected as there is 
Higher counts in the experimental groups are shown by 1 (PϽ0.05) and 11 (PϽ0.01) derived from multiple t-tests. Abbreviations as Table 1 . direct evidence that the entorhinal cortex and the hippocampus work in concert to support performance of the radial-arm maze task (Olton et al., 1982) . The two inconsistent parahippocampal areas showed changes in just one IEG. The parasubiculum had a significant zif 268 decrease with no Fos change while the postsubiculum showed a significant decrease of Fos but no hemispheric changes in zif 268 counts. Comparisons with the homecage control animals using the intact hemisphere counts also showed that the task increased parahippocampal IEG levels in all sites for at least one IEG. Significant increases were found for both IEGs in the lateral entorhinal cortex, postrhinal cortex, postsubiculum, presubiculum and parasubiculum. These results accord closely with a previous study of c-fos expression in normal rats, which also showed increased Fos levels in almost all parahippocampal structures after radial-arm maze performance but which included an additional sensorimotor control group (Vann et al., 2000a,b) .
Comparisons between the home-cage and radial-arm maze animals showed that parahippocampal IEG increases were also found on the side with the hippocampal lesion. These increases were most consistently seen for Fos, and show the way in which this region is still driven by afferent, sensory information. At the same time, the significant IEG decreases across the hemispheres also help to emphasize the point that the parahippocampal cortices do not merely provide afferent sensory information to the hippocampus, they engage in a complex two-way interaction. The hippocampus has reciprocal connections not only with the entorhinal cortices (Witter et al., 1989) but also with the perirhinal and postrhinal cortices (Shi and Cassell, 1997; Burwell and Amaral, 1998) . These latter connections are both direct and indirect, via the entorhinal cortex. It is presumably via the loss of these connections that many of the IEG changes occurred.
The highly consistent IEG changes in the anterior thalamic nuclei presumably reflect the loss of a number of routes by which the hippocampus can affect these thalamic nuclei. The most direct inputs are those from the subiculum and presubiculum (Meibach and Siegel, 1977) , and so the involvement of the rostral dorsal subiculum in the lesions is likely to have contributed to the IEG changes. There are also a number of indirect routes linking the hippocampus with the anterior thalamic nuclei, of which the projections via the mammillary bodies are probably the best known. Electrophysiological studies provide further evidence for the close linkage between the hippocampus, mammillary bodies, and anterior thalamic nuclei (Blair et al., 1998; Albo et al., 2003; Vertes et al., 2004) , and provide further evidence of their mutual dependence.
The marked impact of hippocampal damage on anterior thalamic IEG activity is also predicted by functional analyses using disconnection techniques. These studies have shown that the hippocampus and anterior thalamic nuclei make interdependent contributions to the radial-arm maze task (Byatt and Dalrymple-Alford, 1996; Warburton et al., 2000 Warburton et al., , 2001 . It is, however, misleading to see this relationship as one way (hippocampus to anterior thalamic nuclei) as there are reciprocal connections from the anterior thalamic nuclei to the hippocampal region (Shibata, 1993a,b) . Furthermore, lesions in the anterior thalamic nuclei lower Fos counts in hippocampal and parahippocampal regions (Jenkins et al., 2002a,b) , while rostral thalamic damage reduces hippocampal acetylcholine release during spatial working memory task (Savage et al., 2003) . This, therefore, appears to be a reciprocal relationship with both regions dependent on the other.
The close relationship between the hippocampus and the anterior thalamic nuclei can be contrasted with a different thalamic nucleus, medialis dorsalis. Although MD has often been implicated in human mnemonic processes (Van der Werf et al., 2000 , its lack of IEG response to hippocampal damage can be contrasted with the anterior thalamic nuclei. Initial lesion studies in rats had appeared to show that MD damage is sufficient to impair radial-arm maze acquisition Best, 1988, 1990) , but the adoption of cytotoxic lesion techniques and the careful avoidance of cell loss in the anterior thalamic nuclei has since shown that MD is not critical for acquisition of the standard task (Beracochea et al., 1989; Hunt and Aggleton, 1998) . The present result is just one of a series of dissociations between MD and the anterior thalamic nuclei, reinforcing the view that two qualitatively different contributions to memory are provided by the hippocampal-anterior thalamic axis and the medialis dorsalisprefrontal cortex axis (Aggleton and Brown, 1999; Van der Werf et al., 2000 .
Another informative list of structures comprise those that showed no hemispheric differences for either IEG following the radial-arm maze task. This list includes the prelimbic cortex, anterior cingulate cortex, infralimbic cortex, and two of the three amygdala nuclei. A remarkable feature is that all of these structures receive direct hippocampal/subicular inputs. The prelimbic cortex receives direct inputs from CA1 and the subiculum (Jay and Witter, 1991) , while the subiculum projects to the other cortical sites . The main hippocampal inputs to the amygdala nuclei originate in the subiculum, but the CA1 field and entorhinal cortex also contribute (Pitkanen, 2000) . The lack of IEG changes in these sites shows that the results do not merely mirror connectivity, and suggests that the critical engagement with the hippocampus is either dependent on the type of task or the stage of learning. It is, for example, accepted that the hippocampus and amygdala make qualitatively different contributions to memory tests in the radial-arm maze (McDonald and White, 1993) . The amygdala can, however, influence the consolidation of motivationally arousing training experiences (McGaugh, 2004) , and the sites that it influences include the hippocampal formation (McGaugh, 2004; Packard and Wingard, 2004) . The present data indicate that although there are reciprocal hippocampalamygdala connections, their mutual engagement is not obligatory. This may be because the interaction is primarily driven by the amygdala or because the present task, which involved well-trained rats in familiar conditions, is not sufficiently arousing (Packard and Chen, 1999) . To test these notions it would be necessary to contrast the radial-arm maze task with tasks more likely to engage both regions. Examples might include contextual fear conditioning and socially transmitted food preference (Countryman et al., 2005; McGaugh, 2004 ).
An unexpected finding was the evidence that hippocampal lesions can affect Fos expression in cortical sensory areas such as the primary auditory and VISps. It is unlikely that these changes were a result of extrahippocampal damage, as thinning of the parietal cortex was the only common pathology. An alternative is that these changes are mediated by indirect hippocampal connections, most likely those with the entorhinal and retrosplenial cortices . These changes in cortical sensory areas reveal how diffuse the consequences of hippocampal lesions may become and why it may be so difficult to explain their effects by reference to a unitary process.
The results of the present study can also be compared with the consequences of unilateral fornix lesions on IEG production (Vann et al., 2000c) , as both studies investigated c-fos expression after performance of the same radial-arm maze task. It would be expected that the two sets of results would show much overlap. Like the hippocampus, unilateral fornix lesions produced widespread hypoactivity. Common areas of hypoactivity with the current study include the three anterior thalamic nuclei, the presubiculum, postsubiculum, the medial and lateral entorhinal cortices, and the postrhinal cortices. In the present study IEG hypoactivity was also induced in the perirhinal cortex, which was not observed after unilateral fornix lesions (Vann et al., 2000c) . Conversely, unilateral fornix damage led to changes in cingulate and frontal Fos levels that were not observed after unilateral hippocampal ablation. In order to understand these differences it is important to appreciate that the hippocampal lesions spared the fimbria/fornix and so would have had a less direct effect upon those regions that send or receive inputs through this tract (e.g. the subiculum, presubiculum, parasubiculum, and entorhinal cortices).
To our knowledge this is the first study to map the consequences of hippocampal damage in this way. While previous studies on the effects of lesions in related limbic areas (Vann et al., 2000c; Jenkins et al., 2002a Jenkins et al., ,b, 2004 have concentrated on c-fos, the present study also investigated zif 268. It should be stressed that although these IEGs can serve as indirect markers of neuronal activity, they need not be regarded as essential for task performance (Zhang et al., 2002) . Although a large number of brain sites showed evidence of IEG hypoactivity, this was not simply predicted by the existence of direct connections with the hippocampus or subiculum. At the same time, the finding that only the anterior thalamic nuclei and the parahippocampal region showed decreases for both c-fos and zif 268 expression reinforces the view that these regions form an interdependent system with the hippocampus that is vital for working memory tasks in the radial-arm maze.
